Clinical, pathologic, and analytical records from 200 cattle were reviewed to determine if long-term exposures to elevated fluorides resulted in previously unrecognized or unreported pathologic changes, especially skeletal neoplasia. Animals were part of comprehensive field and laboratory investigations of bovine fluorosis conducted by the Utah State University Agricultural Experiment Station over a 25-year period. Records indicated that over 170 cattle included in this review were exposed to dietary fluorides levels in excess of 25 ppm (dry wt), for most of their life span, and these animals exhibited bone fluoride concentrations ranging between 2,000 and 12,500 ppm (dry wt). Although dental and/or skeletal changes were present in most animals, significant soft tissue damage or neoplasia was not observed in any organ system. Renal degeneration and mineralization were slightly more prevalent in range cattle ingesting high fluoride levels, but these changes were not recognized in animals that received high experimental fluoride doses. The absence of significant soft tissue damage or neoplasia in these cattle combined with results of an extensive literature review suggests that environmental fluorides are not significant factors in mammalian carcinogenesis. mg/kg/day (F) 99 wks G, M + + 8,000ppm l. Ggross, Gp = group. M = microscopic. Nnot reported, U = unknownlunavailable, Ur = uranium, and X = x-my. s.
INTRODUC~ION
Fluorides are ubiquitous in nature. From abundant deposits in the lithosphere, they have become widely distributed over the earth's surface and atmosphere, largely as the result of natural processes (erosion, hydraulic leaching, volcanic activity, etc.) and to a lesser extent by mining and manufacturing processes (1, 13, 46, 47, 65) . In the surface environment, fluorides are present in most animal foods, and they occur naturally in many water supplies (6, 13). Individually, or in combination, these sources may result in fluoride concentrations that-exceed safe tolerance levels for plant and animal life.
Because fluorides are known to exert both beneficial and deleterious effects on some plants and animals, the biological role of fluorine compounds has been studied extensively (2, 8, 13-15, 22, 23, 26, 32, 46, 53, 55, 76) . Results have clearly indicated that proper low exposure levels are highly effective in preventing dental caries in humans (10, 54). At higher concentrations, however, fluorides are potentially toxic, and oral doses in excess of 100 mg/ kg bw usually are acutely lethal in most mammals (23, 46) . Despite the grave consequences of massive fluoride doses, this form of intoxication is rare, and long-term, sublethal exposures, which may result in dental and skeletal changes, have been of greater concern in the safety assessment of fluorine compounds .
Although dental and osseous lesions associated with chronic fluorosis have been well characterized, most toxicology studies conducted prior to 1980 did not,in>lQde complete histopathologic evaluations for possible subclinicai target organ toxicity or neoplasia. As a consequence, the US Department of Health and Human Services, National Toxicology Program (NTP), sponsored a 2-year toxicitykarcinogenesis bioassay of sodium fluoride (NaF) in Fischer-344 rats and B6C3F1 mice. At the conclusion of the study, the NTP announced that slight increases in primary bone tumors were observed in male rats orally dosed with high, sublethal levels (175 ppm) of NaF for 104 weeks. Bone tumors were not observed in female rats or in male and female mice 274 included in this carcinogenesis bioassay (3, 75). However, because the NTP findings were reported as equivocal evidence for the carcinogenic potential of fluorides, the impetus developed for examining other animal models or studies that might better define the pathophysiologic effects of long-term fluoride exposures in humans.
In order to determine the most appropriate animal model for extrapolation of chronic fluoride toxicology data to humans, a literature search was conducted that focused on long-term fluoride exposures in both laboratory and domestic animals. The search identified over 30 studies in laboratory species (Table I) or domestic livestock (Table 11) where animals had been exposed for greater than one-half of their life expectancy to elevated fluorides. Although many of these studies presented valuable toxicology data, only 2 investigations (in addition to the NTP bioassay) included comprehensive pathologic evaluations that might identify subclinical target organ toxicity or neoplasia. One study, recently reported by Maurer et al, addressed the chronic toxicity and potential carcinogenicity of dietary fluorides in Sprague-Dawley (SD) rats (38). In this study, SD rats were fed diets containing up to 25 mg/kg NaF per day for 99 weeks. Results identified dose-related subperiosteal hyperostosis of many bones, ameloblastic dysplasia and enamel malformations in dental structures, and chronic inflammation and hyperkeratosis in gastric tissues. Neoplastic lesions were not significantly increased in any treatment group.
The other investigation that included comprehensive pathology evaluations was an exhaustive, on-going study of chronic bovine fluorosis conducted by the Utah State University Agricultural Experiment Station, Logan, Utah (16, 21, 57, 58, 60, 6 1 , 63). This extensive investigation, which has been in progress for over 35 years, has included both field and laboratory components. In field studies, over 50,000 cattle have been examined by veterinary personnel, and many animals with dental and skeletal changes typical of advanced fluorosis have been subjected to complete pathologic and roentgenologic examinations as well as tissue fluoride analyses. Field studies have been supplemented by laboratory investigations where groups of cattle havc been fed NaF for over 6 years under carefully regulated conditions and then subjected to complete pathologic and laboratory analyses. Collectively, the Utah studies have provided the scientific community with many basic concepts and foundation documents relating the chronic fluoride toxicity.
In reviewing the exhaustive data base generated by the Utah studies, however, no publications were located that specifically addressed pathologic changes in soft tissues or the incidence of neoplasia that was recorded in field and laboratory studies. Accordingly, it was decided to review the pathology records and ancillary research data from both field and laboratory studies to determine if the combined results might identify previously unrecognized, exposurerelated trends in soft tissue damage or neoplastic diseases.
MATERIALS AND METHODS
Two hundred cattle that had been exposed to elevated fluorides for most of their life span were selected for review. Of this group, 153 animals were from a range population of cattle exposed to increased, but well-defined, environmental fluorides from steel mill eflluents between 1950 and 1970. The other 47 animals had been experimentally treated with regulated dietary doses of NaF for 6-8 years during the same time period. Inclusion in the study was predicated upon the availability of complete clinical and necropsy records as well as extensive histopathologic, radiographic, and fluoride analytical data. No animal was intentionally excluded because of any pathologic condition. The study included 10 males and 190 females, of which approximately 80% were dairy cows (Holsteins, Jerseys, and Guernseys). The group ranged in age from 3 to 14 years, and the average age at the time of necropsy was 5.8 years, which was generally representative of the life span of a dairy cow in the endemic area during the 1950s and 1960s (16). Ninety-five animals were at least 7.5 years old, and 30 exceeded 10 years ofage. Clinical and pathologic observations, combined with forage and bone fluoride analyses, allowed for separation of all animals into "low toxic," "intermediate," and "high toxic" exposure categories consisting of 26,87, and 87 cattle, respectively. Assignment of each animal into an appropriate exposure category was based on an overall evaluation of each of the following clinical and analytical findings.
Exposlire ClassiJication Criteria
Dental Records. All cattle received periodic oral examinations to determine the severity of dental fluorosis. Each incisor and, collectively, all molars wgr6 iiaded on a scale of 0 to 5, where 0 = normal, 1 = questionable fluorosis, 2 = slight fluorosis, 3 = mild, 4 = marked, and 5 = severe dental fluorosis ( Figs. 1 and 2) . Based upon this scale, average severity scores were computed for the incisor teeth according to the method described by Dean (9). Typically, cattle with average dental fluorosis scores of less than 2 were assigned to the low dose category, whereas animals with scores of 2 to 3.9 and 4-5 were placed in the intermediate and high exposure groups, respectively. Rarely, dental scores did not c-p~stmortcm/histopathologic examinations were conducted on most animals. Males fed fluoride lived 1-2 months longer than controls. Of the 46 total tumors repo tcd in controls and 22 wcrc prcscnt in the trcated group. One ostcosarcoma was reported, but it was not specified if it occurred in the fluorine-exposed group, Bone ere not measured. Central incisors are unaffected because they erupted prior to exposure to increased fluorides. Lateral teeth exhibit severe mottling, pitting, and enamel erosion. conform with ancillary diagnostic tests for fluorosis because cattle were moved into the fluoride endemic area following eruption of permanent, normal teeth. These animals were assigned to an exposure category based upon composite experimental results, especially measured levels of bone fluoride.
Bone Fluoride Analyses. For most cattle, fluoride analyses were conducted for metacarpal and/or metatarsal bones as well as ribs and mandibular and pelvic structures. With minor exceptions, animals with average bone concentrations of less than 2,000 ppm fluorine (dry wt) were placed in the low dose ' group, whereas those with concentrations ranging from 2,000 to 4,000 ppm were assigned to the intermediate exposure category. Cattle with average levels in excess of 4,000 ppm were placed in the high dose group.
Pathology Assessinents. Each animal received a complete postmortem examination under the supervision of a veterinarian with extensive knowledge of bone pathology and fluoride toxicity. Osseous tissues were carefully examined for signs of fluoride-induced hyperostosis, exostosis, osteosclerosis, and osteomalacia. Necropsy findings usually were supplemented by defleshing procedures, radiographic surveys, and histopathology. Animals with severe clinical osteofluorosis were routinely assigned to the high exposure group. Dietary Concentrations of Fluoride. Where cattle had been experimentally treated with dietary NaF, dose levels ranged from 12 to 93 ppm (dry wt). Animals receiving dose levels above 60 ppm were assigned to the high exposure category, whereas those consuming concentrations between 25 and 60 ppm were placed in the intermediate dose group. Cattle ingesting concentrations below 25 ppm were included in the low dose group. Although levels of fluoride ingestion could not be precisely defined on an individual animal basis under field conditions, the results of extensive monitoring of air, vegetation, and water were available that documented fluoride concentrations in all relevant environmental media throughout the endemic area. These surveys included biannual or triannual analyses of vegetation within an 80 square-mile area surrounding the known source of environmental contamination, a large steel mill. Average alfalfa and pasture contamination levels along with fluoride intakes in food supplements and water supplies were calculated for each farm, and these values were available as indices of exposure for most animals. Forage levels of fluorine ranged from a high of 152 ppm in the immediate vicinity of the mill to levels of 10-12 ppm approximately 10 miles away. Most farms from which the pathology study group was derived were located in regions where pasture concentrations of 25-45 ppm (dry vegetable matter) were typical.
Initially, bone and forage fluoride concentrations were determined by the titration method of Willard and Winter (77), as modified by Milton (41) . As the investigation progressed, however, the spectrophotometric method of Megregian (40) and the ionexchange procedure developed by Nielsen (45) were substituted for the titration procedures. Referred and blind check samples were periodically conducted to ensure the accuracy of analytical procedures.
Following group assignments, all gross and microscopic pathology findings were evaluated for each animal and were computer-loaded to generate exposure-based incidence tables. Because significant gross lesions, including tumors, were not observed in some cattle, tissue samples were not processed into microslides, and, correspondingly, histopathologic data were not available for 50 animals included in the study. Combined gross and microscopic findings for animals in each exposure category are listed in Table 111 . Only 2 neoplasms were found in this study. Although both occurred in the high exposure group, each was compatible with common, spontaneous tumors of aging cattle. One neoplasm was a poorly differentiated intraabdominal adenocarcinoma, thought to be of uterine origin. The other tumor was an ocular squamous cell carcinoma. As noted by Moulton (42), ocular squamous cell carcinomas are very common in the ox; US Department of Agriculture surveys indicated that an incidence level of at SAGE PUBLICATIONS on December 9, 2012 tpx.sagepub.com Downloaded from 0.209' 0 was prevalent in the US during the period of the investigation.
RESULTS
Dental changes, considered to be pathognomonic for moderate to severe, chronic, fluoride intoxication were noted in 72/87 (82%) of the cattle assigned to the high exposure category. Fifteen animals in this group did not display severe dental lesions because they were moved into the endemic area following eruption of permanent incisors. Mild to moderate dental fluorosis was noted in 67/87 (77%) of the cattle in the intermediate exposure group. Minimal dental changes were observed in the low dose group. Figs. 1 and 2 illustrate the mottling, pitting, and enamel erosion present in most cattle assigned to the high dose group.
Other than dental lesions, the only extraskeletal changes observed to be increased in animals exposed to higher concentrations of fluorides were restricted to the kidneys. In these organs, medullary mineral deposits were recognized, microscopically, in 18/87 (21%) of the high exposure cattle and in 2/87 (2.3%) of the intermediate group. Although medullary mineralization was not recorded in any low dose animal it should be emphasized that mineral deposits in high dose animals were associated with the medullary vascular plexus rather than lower nephron segments ( Fig. 4 ). There was no evidence that mineralized matter represented calcium impregnated tubular cell casts that sometimes occur following toxic tubular insult. Also, some of the animals with medullary mineralization were from the same farm, and it is possible that nutritional factors may have contributed to kidney changes in these animals. In connection with these findings in range cattle, it should be noted that in several carefully controlled experiments where cattle were fed elevated levels of fluorides for prolonged periods, renal mineral deposits were not reported (5, 16, 20, 43, 46, 61) . It is known, however, that acute, high dose fluoride toxicosis may result in renal tubular insult in animals (54, 74).
In addition to mineralization, renal tubular degeneration and fibrosis were more prevalent in the higher exposure groups. These changes were diagnosed in 14/80 (18%) of the high dose group, 5/80 (6%) of the intermediate group, and 0/25 of the low dose group. Also, gross and microscopic evidence of interstitial nephritis was slightly more common in cattle assigned to the intermediate and high dose group, but these findings were regarded as being within the limits of normal biological variation for aging dairy cows.
DISCUSSION
This review examined gross and microscopic changes in 200 cattle exposed for most of their life-
FIG. 4.-Medullary mineral deposits (arrows) in the kid-
ney of a 10-year-old range cow exposed to high fluoride levels. Mineral deposits were associated with the medullary vascular plexus rather than lower nephron segments. Renal mineral deposits were not observed in cattle exposed to high fluoride levels under laboratory conditions.
time to elevated environmental fluorides. Based upon dental and osseous changes as well as measured fluoride levels in bone and forage, the study group was divided into low, intermediate, and highly toxic exposure categories of 26, 87, and 87 animals, respectively. Average dietary levels for the low exposure group were considered to be less than 25 ppm, whereas exposure concentrations for the intermediate and high exposure groups (1 74 animals) rqngefl between 25 and 93 ppm. Correspondingly, most of the cattldincluded in the 2 higher exposure categories displayed dental and/or osseous changes and bone fluoride levels considered to be pathognomonic for advanced fluoride toxicosis. Although these findings were regarded as clear evidence for long-term, high level fluoride exposures, gross and microscopic examinations did not identify soft tissue changes or neoplasms which were attributed to fluoride intake. Most important for the purpose of this review, osseous neoplasms were not reported in any animal. TOXICOLOGIC PATHOLOGY In evaluating the low tumor incidence levels observed in this review, the age distribution of the study group deserves consideration. Approximately one-half of the cattle were less than 7 years old. The other half ranged from 7.5 to 14 years, well beyond the average life span for dairy cattle in Utah and the nation during the 1950s and 1960s (16). Although the age distribution may have influenced overall tumor incidence levels, it should be noted that in a survey of bovine bone tumors conducted by Jacobson, 7 of 7 (I OOYo) of the recorded osteosarcomas were present in animals less than 7 years of age (25).
Renal degenerative changes, including medullary mineral deposits, were slightly more prevalent in cattle exposed to high environmental fluorides under range conditions; however, similar kidney changes were not observed in cattle fed high fluoride concentrations under carefully regulated laboratory conditions. Because many cattle with renal disease originated from farms where poor to marginal husbandry practices were known to exist, it is likely that renal changes were unrelated to dietary fluorides. Furthermore, pathologic findings did not suggest that renal disease contributed significantly to the morbidity and mortality ofcattle included in this review.
Because the purpose of this review was to identify an animal model with good predictive value for human safety, several important similarities between human and bovine osseous physiology and osteofluorosis deserve consideration. When compared with traditional rodent bioassay models, bone to muscle mass ratios, skeletal maturation, and osteonal remodeling of bovine bone more closely resemble osseous physiology in humans (27, 28). As a result, the chronologic development of osteofluorosis in cattle closely parallels dose-response time intervals in humans (25). In contrast, larger relative doses of fluorides are required to produce osteofluorosis in rodents even though skeletal tissues in rats and mice constitute a smaller percentage of the body mass (28). AdditionalIy, rodent long bones (and teeth) grow throughout life, and skeletal osteons are poorly developed when compared with humans or cattle (27-29, 35, 57) . A final condition that limits the predictive value of "bone carcinogenesis" studies in rodents is the recognition that viral pathogens are known etiologic factors in some rodent bone tumors, whereas infectious organisms have not been identified as causative agents in human or bovine bone cancer. In combination, these factors suggest that pathologic changes in bovine osseous tissues have greater merit than rodent data in establishing risk assessment criteria for humans.
In conjunction with bovine toxicology studies, the Utah State University Agricultural Experiment Sta-tion has conducted extensive field investigations of other domestic and wild animals in fluoride endemic areas. Collectively, over 100,000 animals have been evaluated for evidence of fluoride toxicosis. A review of study documents and reports from these collateral studies failed to establish a link between chronic fluoride toxicosis and neoplastic disease, teratogenesis, or soft tissue damage in any animal species (16, (57) (58) (59) (60) (61) (62) (63) (64) .
Results from the Utah studies have been consistent with other long-term fluorosis studies in animals. The extensive literature search conducted as part of this review identified over 30 investigations where laboratory or domestic animals had been treated experimentally with fluorides for most of their lifespan (Tables I, 11 ). These studies included over 2,000 animals that had received gross and/or microscopic examinations following chronic fluoride exposures. Exposure-related neoplasia or significant soft tissue damage was not reported in any study. These negative findings were regarded as strong presumptive evidence that osteosarcomas are not induced by fluoride exposures because most osteosarcomas are highly malignant and often produce gross disfigurement and pathologic fractures that may be readily detected at necropsy (25). The absence of bone neoplasms in publications relating to the longterm animal exposures, combined with the low incidence of tumors in the Utah studies, strongly suggest that elevated environmental fluorides do not represent a carcinogenic risk for mammalian species. AS (1 979) .
Long-term effects of fluorine administration in rabbits. Fluoride 12: 124-128. 37. Mather RE, Pratt AD, and Holdaway CW (1949). 
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CRITIQUE
I. FLUORIDE CARCINOGENICITY In 1975, Congress was informed that fluoridation of water for control of dental caries caused cancer: 20-30 per 100,000 from using fluoridated water for 10-15 years-i.e., 35,000 or 22,500 or 10,000 extra cancer deaths per year! (guesses varied!). Congress requested that the National Institutes of Health (NIH) test for fluoride carcinogenicity; the National Research Council recommended such studies; and the International Agency for Research in Cancer found animal data inadequate. On the other hand, direct investigation of the human data by 3 extensive English studies, by the Center for Disease Control and by the International Agency for Research in Cancer, produced no evidence for increased human cancer mortality from fluoridation of water. In 1988 a special 17-page chemistry and engineering report on Fluoridation of Water (published by the American Chemical Society) noted that neither benefits nor health risks were clear! Becabse virtually all ingested fluoride accumulates in bone, carcinogenic activity can be measured in terms of fluoride induction of bone sarcomas.
Laboratory Animals
The National Toxicology Program (NTP) looked for bone tumors in 362 (1 8 1 each, male and female) F344/N rats maintained for 2 years on 25, 100, and 175 ppm of NaF in drinking water (with parallel controls). Osteosarcomas were found only in males: 1/50 on 100 ppm and 3/80 on 175 ppm of NaF. The total incidence was 1% (2% of males). The occurrence of osteosarcomas in the NTP historical data base (38/6,13 1) ranged from 0 to 6%, with the Poisson distribution centered at 0.5%. Therefore the study was reported as showing "equivocal evidence" of fluoride induction of osteosarcoma in these male rats (NTP-TR 393, 1990), based upon the fact that "fluoride binds to bone-and fluoride can stimulate activity of osteoblasts" (Science News 1990, 137: 278). An extensive "Review of Fluoride Benefits or Risks" (Public Health Service 199 1) defined equivocal as "uncertain findings demonstrated by studies that were interpreted as showing a marginal increase in neoplasms that may be chemically related!" A parallel study of the same numbers and controls ofB6C3F, mice resulted in no bone tumors.
Procter and Gamble (P&G) undertook a similar study of 420 (210 each, male and female) Sprague-Dawley rats on 4, 10, and 25 mg/kg body wt/day of NaF in the feed for up to 99 weeks (together with parallel controls) and concluded that "all bone neoplasms were considered to be incidental and spontaneous and not related to fluoride treatment" (J. Natl. Cancer Inst. 1990,82: 1 1 18). A Food and Drug Administration (FDA)-requested review found 1 osteosarcoma in a male on 25 mg/kg/day and 2 osteosarcomas in females on 4 mg/kg/day, a total incidence of 0.7%. The historical data base related to this study recorded 1 osteosarcoma in a male out of 2,030 rats, an incidence of 0.05%.
The Federation of Associated Societies for Experimental Biology (FASEB) Biology Data Base Series (Pathology of Laboratory Rats and Mice, 1985) for F344 rats records 2 osteosarcomas (1 male, 1 female) at 18-24 months and 4 osteosarcomas in males older than 24 months in a total of 4,334 rats. For Sprague-Dawley rats, 1 osteosarcoma (female) at 18-24 months was recorded in 1,776 rats.
Combining NTP and FASEB control data yields 32 osteosarcomas in 10,465 F344 rats; P&G and FASEB control data show 2 osteosarcomas in 3,806 Sprague-Dawley rats. "Spontaneous" osteosarcomas have an incidence of 0.3% and 0.05%, respectively.
The NTP rats were maintained on 100 to 175 times the amount of fluoride in fluoridated drinking water (1 ppm) for humans. The P&G rats consumed 55-300 times the mg/kg/day of fluoridated water exposure. The calculated NTP fluoride intake of 1.3, 5.2-5.5, and 8.6-9.5 mg/kg/day resulted in bone TOXICOLOGIC PATHOLOGY fluoride levels up to 5,600 ppm at 2 years. The P&G fluoride intake of 4, 10, and 25 mg/kg/day resulted in bone fluoride levels up to 16,000 ppm at 22 months. Combining the NTP and P&G osteosarcoma rates (7/782 rats) results in a total incidence of only 0.9% even at these very high bone fluoride levels.
Interpretation of the carcinogenicity requires not only the incidence of bone sarcomas but also the skeletal site. Generally, radioactive ionic bone seekers produce human osteosarcomas predominantly in long bones. By way of contrast, the NTP tumors developed in the spine (with 1 surprise microscopic tumor in the proximal humerus), whereas the P&G tumors involved the mandible (with 1 apparently in the maxilla). Each study revealed 1 soft tissue sarcoma containing osteoid.
Shupe et al, in their Table I (p. 276), cite 2,516 laboratory animals in 15 studies; combined with the NTP and P&G studies, this adds up to over 2,500 fluoridated laboratory animals (there are others unlisted).
Doiwstic Aiiiiiials
Because the incidence of a variety of neoplasms is quite high in extensively inbred animals and because laboratory rats have a short life span with continuous growth and scant bone remodelling, it is appropriate that carcinogenicity be investigated in long-lived animals with extensive bone remodelling and fluoride intake closer to human levels.
Detailed autopsy records of 200 cattle on longterm (up to 14 years) exposure to dietary fluoride (up to 150 ppm) were reviewed for possible neoplasms. No bone neoplasms were found, and only 2 carcinomas were seen, those of the uterus and eye, both of which occur in older unfluoridated cattle. In their 
Htiniaii
Because the intent of these studies is to determine human risks, what of human data on a chronic fluoride intake that produces radiologic osteofluorosis as well as clinically severe crippling disease? Roholm's (1937) 340 cases due to inhalation (including 15 autopsies) ranged from 20 to 70 years of age; 68 were exposed between 3 and 40 years, and 30 had more than 5 years of exposure. There were no osteosarcomas. In India, high fluoride water levels (up to 24 ppm) are associated with 80-98% dental mottling. One clinic reported seeing 22 crippling osteofluoroses in 18 months (ranging from 14 to 78 years of age) as well as many asymptomatic osteofluorotics. Another report mentions crippling fluorosis as early as 5 years of age. A third report records 400 cases in 7 years-155 of them asymptomatic. There are reports of crippling osteofluorosis from China, Tanzania, South Africa, and South America; there are 5 cases in the US. Worldwide there have been hundreds if not thousands of cases of crippling osteofluorosis with no reported bone sarcomas. A continuous excess fluoride intake over years is necessary for severe and crippling osteofluorosis. (The brief fluoride discharge of volcanic eruptions does not result in human osteofluorosis.) On the basis of radiologic changes in retired workers as compared to those still exposed, Roholm pointed out that "cessation of exposure must lead to recession of disease." Follow-up x rays of 4 severe (grade 111) osteofluoroses showed normal spines 15 years after retirement (Br. J. Iiidtrst. Med. 1983, 40: 459). Therefore, not only does bone formation return to normal on withdrawal of fluoride, but dense fluoridated bone is resorbed and replaced by normal bone in normal amounts. Extensive skeletal investigations of 7 severe osteofluorosis autopsies have revealed no skeletal tumors.
In summary, neither laboratory animals, domestic animals, nor humans develop bone sarcomas as a result of fluoridation of bone.
HUMAN FLUORIDE EXPOSURE PROBLEMS
Fluoride toxicity may be acute and lethal (with blood calcium and magnesium suppression), subacute (with pulmonary fibrosis from inhalation or gastritis from ingestion), or chronic (with skeletal alterations). All 3 recede upon withdrawal of fluoedei Fluoride intake is now an iatrogenic problem, of children for dental caries and of the elderly for osteoporosis. Initial enthusiasm for both treatments is fading.
Despite clear evidence of suppression of dental caries by fluoridation of the water supply, some unfluoridated areas have less dental caries than fluoridated areas. (Low carbohydrate diet, for example, results in a low caries incidence in the absence of fluoride.) Secular changes in diet and hygiene with widespread better health since World War I1 have changed much biology (e.g., taller Japanese and Es-kimo). The clear fluoridation advantages of pre-WWII depression years are no longer apparent in post-WWII affluence and health consciousness. Meanwhile, the expanded intake of fluoride beyond fluoridation of water (soft drinks, food preparation, tooth paste) has produced a general increase of barely perceptible dental fluorosis. There is no likelihood that this increased intake of fluoride throughout life will result in bone disease in normal people. However, the massive water intake of diabetes insipidus and the reduced renal clearance of chronic kidney disease might lead to bone changes.
Similarly, the enthusiastic support for fluoride therapy of postmenopausal osteoporosis is fading. Its value was measured by the incidence of vertebral compression fractures. Commonly 2-3 years intervene between successive fractures in a given patient, so that a 3-to 5-year follow-up is necessary. The glowing reports on 1-and 2-year studies are not sustained. Controlled studies and long-term followup reveal an excess of stress fractures in the presence of fluoride therapy. Furthermore, healing of cancellous trabecular fractures of fluoridated bone is impaired (J. Bone Miner. Res. 1991 Res. , 6: 1183 .
MECHANISMS OF SKELETAL FLUOROSIS
Domestic animal research has been concerned with effects that alter market value-i.e., with tolerance levels and diagnosis of excess intake. Skeletal changes are time and dose dependent; there are dosages that will never alter the skeleton and intakes that produce skeletal pathology within 1 month. Fluoride in bone does not merely replace hydroxyl ions in apatite crystals; much is adsorbed onto the crystal surface where it is easily exchangeable. Half the fluoride in the skeleton can be eliminated in 2 years, independent of bone turnover. The maximum fluoride level in the skeleton is limited, and far below the theoretical capacity to replace hydroxyl ions in all apatite crystals. It is most abundant near bone surfaces: e.g., cancellous > compact; metaphysis > diaphysis; and endosteal and periosteal > deep cortex.
At a particular time (on any given dose) fluoride pathology of the skeleton varies; vertebral and rib changes precede long bone alterations, whereas the calvarium is the last to become abnormal. Abnormalities vary with the amount ofbone fluoride. Normal bone accumulates fluoride but shows no histological changes. Bone formed during high fluoride intake is "mottled"-i.e., poorly mineralized with low calcium, phosphorus, and fluoride! The collagen, protein, polysaccharide, and lipid of the organic matrix-osteoid-is abnormal and inhibits mineralization. When the fluoride content of normal bone reaches a critical level, bone is resorbed by precocious osteoclastic activity. The innermost cortex is cancellized and then removed, enlarging the marrow cavity. The remaining cortex becomes porotic. Later periosteal osteoblastic activity enlarges the bone as a reinforcing mechanism that permits continued function of mechanically inadequate bone.
Fluoride does not directly stimulate osteoblastic activity. In vivo, there is a lag of months to years between addition of fluoride and onset of osteoblastic activity. Claims of direct stimulation of osteoblasts are based upon experimental embryonic poultry material. Poultry have a high level of fluoride tolerance (35-70 ppm for chickens), and extremely high fluoride blood levels are recorded for chickens and geese. The experimental material was calvarial and mandibular (i.e., neuro-mesenchymal bone that arises in a myxoid "membranous" tissue prior to periosteum and without cartilage) or tibial (with its intramedullary metaphyseal core of cartilage that disappears without mineralizing about 10 days after hatching). Avian embryonic tissue has a remarkable biphasic response to fluoride. Evidence of osteoblast activation of calvarial and tibial material was based largely upon 18-to 48-hr chemical data rather than observed bone production. Fluoride activates cyclic AMP and chemical activity in many cells; cultures of human pituitary in the presence of fluoride will produce follicle-stimulating and luteinizing hormones-yet no such activity has been observed in vivo. Human embryonic osteoblasts are not stimulated by fluoride (Calcif: Tissue Int. 1990, 47: 221).
Increased radiologic density is not proof of induction of osteoblastic activity. X-ray films have a narrow window for detection of variable density; a whole bone that is dense may show inadequate mineralization of a 5-mm slab and local lack of mineral of a 100-pm-thick section. Plasma alkaline phosphatase levels increase with increased fluoridation despite the highly abnormal, poorly mineralized matrix.
The life span of a unit of bone is dependent on its stability. Histomorphometric attention. to osteoblast and osteoclast activity measures a brief transient turnover. Bone function, however, requires stability, which is the result of isolation. Each unit is isolated from'adjacent units by a cement line produced by the initial osteoblast activity. Bone is isolated from soft tissue and from tissue fluid by a barrier, produced by terminal osteoblast activity (and consisting of a matrix as well as lining cells). Each osteocyte is isolated from bone by a sheath. These stabilizing elements are organic and are abnormal in heavily fluoridated bone. Neither histomorphometry nor standard microsections of bone reveal the fluoride abnormalities seen in undecalcified unstained sections, namely, mottled osteons (in com-
